R e c h a r a c t e r i z a t i o n of Thermal Voltage Converters*t A f t e r Thermoelement Replacement J. R. Kinard and T. E. Lipe N a t i o n a l Bureau of Standards E l e c t r i c i t y D i v i s i o n G a i t h e r s b u r g , MD 20899, USA A b s t r a c t
T h i s p a p e r d e s c r i b e s t h e r e l a t i o n s h i p between t h e c h a r a c t e r i s t i c s of v a r i o u s thermoelements ( T E ' s ) a s v o l t a g e o r c u r r e n t c o n v e r t e r s and t h e o v e r a l l ac-de d i f f e r e n c e s of a v o l t a g e r a n g e .
An a l g o r i t h m i s p r e s e n t e d t o p r e d i c t t h e ac-de d i f f e r e n c e s of s e r i e s r e s i s t o r s w i t h d i f f e r e n t T E ' s , a n d a method f o r r e c h a r a c t e r i z i n g a thermal v o l t a g e c o n v e r t e r c o n t a i n i n g a replacement TE is given.
The measured r e s u l t s show t h a t f o r m o s t a p p l i c a t i o n s , a c o m p l e t e r e c h a r a c t e r i z a t i o n of t h e TVC set i s unnecessary.
I n t r o d u c t i o n ,
T h e r m a l v o l t a g e c o n v e r t e r s ( T V C ' s ) a r e o f t e n c o n s t r u c t e d a s sets of range r e s i s t o r s and a group of two o r more T E modules.
A given v o l t a g e range is s e l e c t e d by connecting a TE module i n series w i t h an a p p r o p r i a t e range r e s i s t o r . The ac-de d i f f e r e n c e of a p a r t i c u l a r r a n g e d e p e n d s o n t h e c o m b i n e d c h a r a c t e r i s t i c s of t h e range r e s i s t o r and t h e TE. If a TE should f a i l , t h e c h a r a c t e r i s t i c s of a replacement TE w i l l a f f e c t t h e ac-de d i f f e r e n c e of a l l v o l t a g e r a n g e s a s s o c i a t e d w i t h t h a t TE.
Replacement Equations
An a n a l y s i s of t h e ac-de d i f f e r e n c e f o r c o a x i a l T V C ' s i n terms of t h e impedances of t h e r e s i s t o r module and TE module has been undertaken by Hermach [ l ] and I n g l i s c21. The a n a l y s i s p r e s e n t e d h e r e is s i m i l a r t o t h a t i n [ l l , but e x p l i c i t l y t r e a t s phase a n g l e d i f f e r e n c e s i n t h e T E ' s , as w e l l a s providing f u r t h e r c o n s i d e r a t i o n Of l o a d i n g on t h e s e r i e s r e s i s t o r .
Consider a c o a x i a l TVC w i t h a s e r i e s r e s i s t o r and TE i n s e p a r a t e modules a s shown i n F i g . 1 . The impedances of each module a r e then where: Zs i s t h e impedance of t h e zh i s t h e impedance of t h e Rs i s t h e de r e s i s t a n c e of Rh i s t h e de r e s i s t a n c e of ( 2 ) s e r i e s r e s i s t o r , TE module, t h e series r e s i s t o r , t h e TE module, b"is approximately t h e phase a n g l e of t h e r e s i s t o r i n r a d i a n s , d i s approximately t h e phase a n g l e of t h e TE h e a t e r i n r a d i a n s , a , b , e , and d a r e each << 1 .
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I I I
I I -I I --F i g . 1 Schematic of S e r i e s R e s i s t o r -TE Combination I t can be shown t h a t t h e t o t a l ac-de d i f f e r e n c e s , dt., due t o t h e series combination of t h e r e s i s t o r and TE is d c
which reduces t o
where p = Rh/Rs, R t = Rs + Rh, Z t = zs + zh, and de i s t h e ac-de d i f f e r e n c e of t h e TE as a c u r r e n t c o n v e r t e r .
The term i n p a r e n t h e s e s r e p r e s e n t s t h e c o n t r i b u t i o n of t h e phase a n g l e .
I f we c o n s i d e r t h e c a s e of two d i f f e r e n t thermoelements ( n o . 1 a n d no. 2 ) of t h e same n o m i n a l ( b u t n o t i d e n t i c a l ) h e a t e r r e s i s t a n c e , and having known ac-dc d i f f e r e n c e s , d e , a s a c u r r e n t c o n v e r t e r , and d v , as a v o l t a g e c o n v e r t e r , t h e n , f o r a given v o l t a g e r a n g e , t h e v a r i a t i o n i n t h e ac-de d i f f e r e n c e caused by t h e change i n t h e two T E ' s may be expressed a s a f P2C2 a f P l c 1
where: pi = Rhl/Rs, and p2 = Rh2/R, The f i r s t term i n b r a c k e t s r e p r e s e n t s t h e v a r i a t i o n i n d t due t o d i f f e r e n c e s between t h e in-phase components of t h e two TE's, i n c l u d i n g t h e v a r i a t i o n i n d t due t o t h e d i f f e r e n c e i n l o a d i n g between t h e T E ' s because of nonequal h e a t e r r e s i s t a n c e s , t h e term i n t h e second s e t of s q u a r e b r a c k e t s r e p r e s e n t s t h e v a r i a t i o n i n d t due t o t h e d i f f e r e n c e i n t h e phase a n g l e s between t h e two T E ' s , a n d t h e f i n a l b r a c k e t e d term r e p r e s e n t s t h e v a r i a t i o n of d t due t o d i f f e r e n c e s i n c u r r e n t c o n v e r t e r c h a r a c t e r i s t i c s .
F i g u r e s 2 and 3 show t h e v a r i a t i o n i n ac-de d i f f e r e n c e o n e may e x p e c t f o r d i f f e r e n c e s i n phase a n g l e and h e a t e r r e s i s t a n c e , r e s p e c t i v e l y , between TE 1 and TE 2.
If t h e phase a n g l e s of t h e two T E ' s a r e matched t o w i t h i n a few m r a d , a n d t h e h e a t e r r e s i s t a n c e s are matched t o w i t h i n , f o r example, 10 ohms f o r a 400 ohm T E m o d u l e ( c o n d i t i o n s n o t d i f f i c u l t t o meet i n p r a c t i c e ) , t h e n t h e v a r i a t i o n s due t o t h
e s e q u a n t i t i e s w i l l be much l e s s t h a n 1 ppm f o r T E ' s w i t h r e a s o n a b l y small ac-de d i f f e r e n c e s .
The phase a n g l e and l o a d i n g terms i n Eq. ( 5 ) may t h e r e f o r e be n e g l e c t e d f o r most a p p l i c a t i o n s . Equation ( 5 ) may be expressed i n a more u s e f u l form by n e g l e c t i n g both phase a n g l e d i f f e r e n c e s and l o a d i n g , a n d by w r i t i n g Rh a s t h e a v e r a g e v a l u e o f t h e r e s i s t a n c e s of t h e TE modules.
The e q u a t i o n may t h e n be w r i t t e n 1 )
The phase a n g l e of t h e c a n d i d a t e replacement TE i s c h e c k e d u s i n g , for e x a m p l e , a n impedance meter.
The phase a n g l e should match t h a t of t h e T E i t w i l l r e p l a c e t o w i t h i n t h a n 1 mrad t o ensure t h a t t h e phase a n g l e term i n Eq. ( 5 ) can be ignored.
)
The r e s i s t a n c e of t h e new TE is measured t o e n s u r e t h a t t h e l o a d i n g term i n E q . ( 5 ) can be n e g l e c t e d , a s mentioned above.
3)
Intercomparisons a r e made between t h e new TE and a TE whose c h a r a c t e r i s t i c s a r e known a s v o l t a g e c o n v e r t e r s on t h e lowest v o l t a g e range.
4)
Intercomparisons are a l s o made between t h e two T E ' s , a s c u r r e n t c o n v e r t e r s , u s i n g very s i m i l a r range r e s i s t o r s .
)
A f t e r o b t a i n i n g t h e ac-de d i f f e r e n c e s of t h e new TE a s a v o l t a g e and c u r r e n t c o n v e r t e r , t h e v a l u e s o b t a i n e d i n s t e p s t h r e e and f o u r a r e i n s e r t e d i n Eq. (6) and t h e ac-de d i f f e r e n c e for each v o l t a g e range a s s o c i a t e d w i t h t h a t TE is c a l c u l a t e d . I t i s e x t r e m e l y h e l p f u l t o h a v e , on hand, new o r replacement T E ' s , mounted and c h a r a c t e r i z e d i n terms of e x i s t i n g T E ' s .
Aside from t h e obvious advantage of redundancy i n t h e c a s e of TE f a i l u r e , t h e measurements r e q u i r e d as v o l t a g e and c u r r e n t c o n v e r t e r s a r e made much e a s i e r i f a TE of t h e same c u r r e n t r a t i n g is a v a i l a b l e as a s t a n d a r d . If such a TE is u n a v a i l a b l e , a TE of a d i f f e r e n t c u r r e n t r a t i n g may be used, b u t t h e m e a s u r e m e n t s a r e more d i f f i c u l t , and c u r r e n t l e v e l dependencies must be considered. R e s u l t s T y p i c a l r e s u l t s o b t a i n e d w i t h t h i s r e p l a c e m e n t p r o c e d u r e a r e shown i n F i g . 4. Agreement between m e a s u r e d a n d p r e d i c t e d v a l u e s u s i n g t h i s method i s g e n e r a l l y 3 ppm a t 20 kHz and about 5 ppm a t 100 kHz. T h i s performance i s s a t i s f a c t o r y f o r e s s e n t i a l l y a l l r o u t i n e a p p l i c a t i o n s . x==i I0 v
